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Abstract

Radiation exposure from solar particle events (SPEs) presents a significant health concern for
astronauts for exploration missions outside the protection of the Earth’s magnetic field, which
could impair their performance and result in possible mission failure. Accurate assessment on the
impact of SPEs on human exploration missions remains a challenge due to incomplete
understanding of many physical processes during the occurring of SPEs. This article summarizes
recent observation and theoretical frameworks concerning the origin, acceleration, and transport
of energetic particles in SPEs, and reviews knowledge of the sizes, frequencies, energy spectra of
SPEs obtained from decades of solar physics research, as well as techniques of radiation exposure
modeling relevant to interplanetary space exploration. It is expected that future close
collaborations among solar, heliospheric, space weather, and radiation research communities on
observational and theoretical studies will enhance the development of reliable and accurate
predictive models for SPEs.

1. Introduction

The Sun not only constantly releases warmth and light that are essential to maintain the habitability
of the Earth, but also sometimes discharge large amount of energetic particles that are hazard to
human health and instruments in space. Solar particle events (SPEs), for example, occur when
protons emitted by the Sun become accelerated either close to the Sun during a flare or in
interplanetary space by coronal mass ejection (CME) shocks. The events can include other nuclei
such as helium ions and highly charged (Z) and energetic (E) (HZE) ions. During a large SPE, the
fluence of protons with energies >30 MeV can exceed 10'° cm™ in several hours or days, which
can deposit large radiation doses for crew and equipment that are not adequately protected. Though
such big events are rare in history, currently there are no reliable ways to predict their occurrence
and give sufficient time of warning before the onset. These hazards impose significant operational
constraints on manned space missions and equipment, for example, storm shelters with sufficient
shielding are needed to reduce the radiation dose to tolerable levels for astronauts, and equipments
sensitive to such high energy particles need to turn off to avoid soft errors or radiation damage. In
the past several decades, the advance of space exploration enables scientists to use multiple
spacecraft deployed in different locations in heliosphere, to study the relationship of SPE
intensities and spectra with measurable parameters of the shock, plasma, seed population, and their
spatial distribution, which greatly improves our understanding the conditions where, when, how,
and why particle acceleration takes place in these exceptional events [Reames, 2013].

2. Size and Frequency of SPEs

There have been various definitions of SPEs using different parameters to extract the events from
the time series, and it is generally agreed that the frequency of occurrence of SPEs varies, from
several per day when the Sun is particularly "active" to less than 1 every week when the Sun is
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"quiet"!, following the 11-year cycle generally divided into four inactive years (solar minimum)
and seven active years (solar maximum). Large SPEs are less frequent than smaller ones that are
hard to detect by satellites such as the Geostationary Operational Environmental
Satellite system (GOES) in near-Earth orbits. Figure 1 shows the modulation of sunspot numbers
(SSN), intensities of galactic cosmic rays (GCR), and GOES recordings in the 22, 23, and 24
cycles. Though multiple instruments have been deployed at various locations in the heliosphere to
record the particle composition and energy spectra of SPEs, the series of GOES satellites are
particularly useful to analyze SPEs directed to the Earth. Since 1975, 16 GOES satellites have been
launched into geostationary orbit above the Earth at geosynchronous altitude (~ 6.6 Earth radii)
where the geomagnetic effects are minor for protons >10 MeV. The fluxes depicted in Figure 1 of
P3, P5 and P7 are of the protons in the energy levels >116, >63.1, and
>433 MeV, respectively. These records clearly show the correlation between the frequency of
noticeable SPEs and SSN, GCR, X-ray power, and magnetic measurement.
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Figure 1. An overview of three solar cycles shows the relationship between the sunspot cycle,
galactic cosmic rays, and the state of our near-space environment?.
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The flux of soft X-rays measured on the GOES spacecraft has been used to classify the size of
SPEs. Many observed SPEs are classified as A, B, C, M or X according to the peak flux (W/m?)
of 100 to 800 picometer X-rays. Each class has a peak flux 10 times greater than the preceding
one, with X class flares having a peak flux of order 10 W/m?2, Within a class there is a linear scale
from 1 to 9, so an X2 flare is twice as powerful as an X1 flare, and is 4 times as powerful as an
M5 flare. The more powerful M and X class flares are often associated with a variety of effects on
the near-Earth space environment such as the disruption of the Earth’s magnetosphere and strong
aurora in the pole regions. Besides these X-rays, a spectrum of radio emission like the
bremsstrahlung or synchrotron emission of electrons are associated with SPEs [Reames, 2013].

However, many proton dominated SPEs do not show characteristic X-rays or radio emission.
Among the 1,265 SPEs with sufficient fluence of proton energy >10 MeV during 1975- 2006, only

! https://sohowww.nascom.nasa.gov/publications/ESA_Bull126.pdf
2 https://satdat.ngdc.noaa.gov/sem/goes/data/new_plots/special/Overview_19830101-00h_20141231-24h.png
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673 are reliably associated with X-rays flares [Belov et al., 2005]. Direct ion measurement in space
is therefore essential to monitor and record SPEs. Beside the GOES series of satellites, a fleet of
solar, heliospheric, geospace, and planetary spacecrafts operate simultaneously to understand the
dynamics of the solar system®. Figure 2 illustrates the >30 MeV solar proton events observed by
various spacecraft since the beginning of the 19" solar cycle (SC). In the >30 MeV energy range,
the most commonly occurring events are those with an omnidirectional fluence in the 10° to 10°
cm? range. The very large events are those 3 orders of magnitude larger — those with fluence >1
x 10° cm2, which occur only a few times in a SC, and may not occur in a SC (like SC 21 in Figure
3).
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Figure 2. The >30 MeV SPEs since SC 19. The dashed line indicates the 10° cm2 omnidirectional

solar proton fluence level [Adapted from Smart et al., 2005].
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The Carrington event of 1859 is reported in literature as the largest SPE in recent centuries
[McCracken et al., 2001]. The omnidirectional fluence of >30 MeV protons in this event is
estimated about 1.88 x 10'° cm2, which is about 4 times of the August 1972 episode, and about
2.5 times of the November 1960 event. The energetic particles in these large events can usually
induce disruption of the Earth's magnetosphere (Figure 1), compressing it on the dayside and
extending the night-side tail. While most particles are deflected by Lorentz force due to the
magnetosphere and shielded by the atmosphere, protons with energy of ~GeV can create a nuclear
cascade through the Earth’s atmosphere, which can be observed by detectors at ground level as an
increase above the continuous background produced in a similar manner by galactic cosmic rays.
These so called ground-level events (GLEs) occurred 71 times in the last 70 years, most barely
exceeding the background by a few percentage, the largest by a factor of 45 [Cliver et al., 1982;
Reames, 2013].

In addition to direct spacecraft measurement in space, there has been considerable effort to identify
signatures of SPEs in such diverse sites as tree rings, polar ice, deep-sea sediments, lunar soils and
rocks, and meteorites, in order to quantify the historical frequency and intensity of events.

3 https://www.nasa.gov/mission_pages/sunearth/missions/index.html.
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Combined with spacecraft measurements over the last four solar cycles, nitrate analysis in polar
ice cores over the past 400 years, radioactivity in moon rocks and meteorites, the very long-term
SPE fluence distribution may be represented by a broken power law illustrated in Figure 3 [Reedy,
1996; Smart et al., 2005]. Similar models have been proposed by other researchers [Feynman et
al., 1993; Xapsos et al., 1996; Tylka et al., 1997] based on different data sets. These models can
be used to estimate the probability of certain level of radiation exposure during an interplanetary
mission for risk assessment [NCRP, 2006].
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Figure 3. The fluence distribution of Earth-sensed SPEs [Smart et al., 2005].

3. SPE Sources and Particle Transport

It is now generally accepted that two types of SPEs occur in our solar system -- impulsive event
that is directly related to the solar flares, and gradual event that is caused by CMEs [Desai and
Giacalone, 2016]. Solar flares are energetic explosions on the surface of the Sun, occurred when
magnetic energy built up in the solar atmosphere is suddenly released. Flares can occur as short
impulses that are gone in minutes, or brightenings that decay over hours to days. The impulsive
events usually produce a stream of high energy particles that can be observed when the observer
is magnetically connected to the flare site (Figure 4), while the slower events are often
accompanied by a CME. However, the seed population of a CME can be other sources such as
particles in previous CMEs or even solar winds*. CMEs are much larger eruptions of the corona
at a location up to several solar radii away from the Sun, and the accompanying gradual events
involve energetic particles interacting with collisionless-shock waves, propagating in all directions
and populating magnetic field lines over a significantly broad range of longitudes (Figure 4). It is

4 http://cse.ssl.berkeley.edu/coronalweather/index.html
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now believed that CME-driven coronal and interplanetary shocks are the most prolific producers
of SPEs that pose radiation hazards for us, our environment, and our assets on Earth and in space
[Reames, 1999].

b Flares CME Shocks

Figure 4. The two-class picture for SPEs where the impulsive event (left) is produced by a solar
flare that populates only those interplanetary magnetic field (IMF) lines well-connected to the flare
site, and the gradual event (right) is produced by a large-scale CME driven shock wave that
accelerates the solar particles and populates IMF lines over a large longitudinal area (adapted from
[Reames, 1999]).
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Figure 5. Intensity-time profiles of 1-30 MeV protons during gradual SEP events observed at 3
different solar longitudes relative to the flare or CME lift-off location (adapted from [Cane et al.,

1988]).

Though energetic particles in gradual SPEs spread much wider in heliosphere than those in
impulsive events, their temporal profiles of intensity vary significantly at different solar longitudes
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[Cane et al., 1988]. Analysis of past large SPEs indicates that for events originating from the
western hemisphere (right half as observed from the Earth) of the Sun, the Earth-observed proton
intensities usually peak earlier than those initiating near the center of the disk, while those with
origins from the eastern hemisphere (left half as observed from the Earth) increase much slower
and their peaks arrive days later (Figure 5). This can be explained in terms of particles’ preferring
trajectories along the IMF lines as well as the strongest acceleration occurring near the shock front
of CME that moves radially outward from the Sun with time (Figure 5). For observers located east
of the source (left panel), as they are magnetically connected to the nose of the CME shock near
the Sun, the recorded intensities show abrupt increases and a peak relatively earlier during the
event. The intensities decay slowly as the shock moves outward and the magnetic connection shifts
to the eastern flanks of the shock. For sources located near the central meridian, the intensities
peak when the nose of the shock reaches the location of the observers at a later time (lower panel).
In contrast, for observers located to the west (right panel) of the source, they miss the shock front
at onset but detect a slow increase in the intensities that peak well after the shock front reaching
from the opposite direction to the propagation of the corona mass (Figure 4 right) [Reames, 2013;
Desai and Giacalone, 2016].
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Figure 6. Intensity-time profiles for protons in the 1979 March 1 event at three spacecraft are
shown in the upper left panel with times of shock passage indicated by S for each. Helios 1
encounters the event near central meridian and sees an intensity peak of 3-6 MeV protons near
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the time of shock passage and subsequently passes through the helical magnetic cloud (MC).
Energy spectra in the “reservoir” at time R are shown in the upper right panel while the positions
of the spacecraft at time R through a sketch of the CME are shown below [Reames, 2010].

Multiple spacecraft observations also demonstrated the spatial variation of the intensity time-
profile of a single event. For the 1979 March 1 event observation depicted in Figure 6, Helios 1
happened to locate at the east side the shock front while Helios 2 and IMP8 were at the west side
but at different solar longitudes. The recorded intensities showed the same features as discussed
above. However, at a late time point of this event, the intensity profile merged at a same energy
level for three detectors at different solar longitudes. The spectra analysis for the time interval “R”
indicates the intensities are nearly the same for other energy levels (Figure 6, right panel). This
late phase of uniform intensity and spectral shape with overall intensity declining with time was
reported as “reservoir” in 1970s [McKibben, 1972], and observed afterwards in many SPEs with
wide ranges of azimuthal, radial, and latitudinal locations in the heliosphere [Reames, 2013]. It is
now accepted that this type of magnetic reservoirs are created by propagation of solar mass in the
IMF, from either gradual events or impulsive events, and energetic particles from nearly any
sources can fill it and then gradually leave it [Reames, 2013].
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Figure 7. The four phases of a large SPE are indicated along the bottom of the figure showing
energetic proton intensities in the 2001 November 4 event (left panel) [Reames, 2013], which can
be discerned in other historical SPEs recorded by various instruments near the Earth orbits (right
panel) [Reames, 2003]. Times of shock passage are indicated by S for each, while EQ9, E10, and
W07 refer to the origins of the events.

Before this late “reservoir” phase, the time profile of a typical gradual SPE can include the onset,
the plateau, and the shock peak as in the 2001 November 4 event depicted in Figure 7 [Reames,
2013]. However, detection of this temporal variation of an event depends on the location of the
observer relative to the source, as discussed above. In addition, the pattern of temporal evolution
of SPEs varies from event to event (Figure 7). The onset of a gradual event usually involves shock
acceleration of the corona materials near the Sun. As protons of a given energy stream away from
a shock in a magnetic field, Alfvén waves are generated which scatter protons coming behind and
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trap them in the vicinity of the shock. Equilibrium is established between wave amplification and
particle scattering, which reduces the streaming and hence the wave growth. Eventually, increasing
the source of particles only increases the wave intensity and the scattering with no increase of the
outflowing particle intensities seen by a distant observer. This is the streaming limit in the plateau
phase that has been observed in many historical SPEs [Reames and Ng, 2014]. It is proposed that
the more particles trapped by the streaming limit, the higher the shock peak will be. The wave-
particle balance at the shock is lost when the shocks become weak with increasing time, and
resonant waves are inadequate to contain the particles of high energy, resulting in the formation of
energy spectral knee, i.e., sudden steepening of the particle spectra at high energy [Reames, 2013].

4. SPE Spectra

The spectra of SPEs are used to estimate radiation exposure to astronauts in space, either in the
integral format (protons/cm?) or differential format (protons/(cm?-MeV)). Historically, various
analytical functional forms have been applied to fit the satellite data. Due to the limited energy
resolution capability of particle detectors in early “Space Age era”, the exponential in particle
rigidity fitting method [Malitson and Webber, 1963] has been used in the scientific community for
several decades, which is based on two proton integral data points: >30 MeV and >100 MeV. The
mathematical expression for the integral energy spectrum is:

®(> E) = Nyexp(— R%) 1)

where @ (>E) is the integral energy fluence in protons/cm?, No is a normalization constant, R is the
proton rigidity (proton momentum) in MV (million volts), and Rq is the characteristic rigidity in
MV. The proton rigidity R is related to the proton energy (MeV) by:

R(MV) = \/[E2 — 2mE @)

where E is the proton energy (MeV) and mo is the rest mass of the proton (938 MeV) [Atwell et
al., 2011]. In literature of SPE modeling, the exponential spectrum is usually extrapolated to the
range of 10 MeV to several GeV. A similar scheme of spectrum modeling uses a Weibull function
of the following form:

®(> E) = dyexp(—kE®), 3)

where parameters &, k, and a are determined by a nonlinear regression fit to the energy spectrum
of interest [Xapsos et al., 2000]. A number of SPEs have been analyzed using this approach with
maximum energy of 1 GeV [Kim et al., 2009].

A Band functional form of SPE spectrum is getting more attention recently, which is a power law
that rolls smoothly into a second, steeper power law, with a functional form that is continuous in
both its value and derivative:

R
®(>R) = dyR " exp (— R_)' ifR < (y2 —¥1)Ro
0

= CDOR_YZ{[(VZ —y1)R] 7277 exp(y, — V1)}' if R > (y2—v1)Ro (4)
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where y1 and y. are the spectral indices for the lower and higher energy branches respectively
[Tylka and Dietrich, 2009]. Parameters for the lower energy branch are obtained from satellite data
from medium (10-100 MeV) and high (several hundred MeV) proton energies (GOES Energetic
Proton, Electron and Alpha Detector (EPEAD) and High Energy Proton and Alpha Detector
(HEPAD) and other satellites), while those for the higher energy branch are from cascade
secondary neutrons produced during nuclear collisions of the incoming solar protons with the
Earth’s atmosphere (> 1 GV).
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Figure 8. Three functional forms of spectra fitting for the 1960 Nov 12 SPE [Atwell et al., 2011]

A comparison study of 12 GLEs with these three methods has found significant difference in the
modeled fluence for a same event [Atwell et al., 2011]. Figure 8 shows that spectra of either
Exponential form or Weibull form significantly underestimate the particle intensities at high
energies, as compared with Band form which is supported with data from a network of neutron
monitoring stations at the high latitudes on the Earth. As the protons in the high energy range
contribute the most in radiation effects, it seems necessary to revisit the spectra and radiation
exposure modeling of past SPESs reported in literature by applying this new formalism.

A recent analysis of GOES MEPAD and HEPAD data indicates that Band functional form can be
approximated by a segmental power law fitting algorithm [Hu et al., 2016]. Directly using the
differential fluence at the defined energy grids, the interpolated segmental spectra of several GLES
are very close to their reported spectra in Band functional form, from energy < 10 MeV to several
GeV. This algorithm does not use the ground neutron monitors data, as the directly streamed data
from GOES HEPAD are found to be sufficient to model the high energy branch of spectra, as long
as the recorded intensities by these detectors are large enough (true for all GLES). For many SPEs,
the fluences of high energy protons may be too small to be measured by GOES, and the algorithm
ensures a cutoff at the respective energy grid, therefore avoiding erroneous extrapolation of the
spectra to higher energy range [Hu et al., 2016].
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It has been reported that spectra of many SPEs do not follow any specific functional forms due to
the intrinsic characteristics of particle acceleration and propagation in interplanetary space. The
spectra of ions shown in the left panel of Figure 9 have peaks at ~10 MeV amu* and roll downward
toward lower energies, which are proposed to be induced by the streaming limits as discussed
previously, i.e., high intensities of streaming particles at ~10 MeV produce waves that suppress
the spectra at ~1 MeV [Reames, 2013]. On the other hand, for the hourly fluences of protons
displayed in the right panel, peaks for protons with energies >50 MeV appear at the third hour
from onset, while the peaks for protons with lower energies follow hours later. This early arrival
of high-energy protons is normal for many SPEs [Smart and Shea, 1999], as protons with higher
energy are less interrupted by the interplanetary media and heliomagnetic field [Miroshnichenko,
2015]. The segmental power law interpolating scheme is more suitable than the Band function to
handle these peculiar cases. To generate the full spectra, this scheme just sequentially interpolates
between the measured data points and links to the high-energy branches fitted with the HEPAD
data points [Hu et al., 2016].
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Figure 9. Shapes of spectra that defy any analytical functional forms. The left panel shows H and
O spectra for the early plateau region of 5 large SPEs [Reames and Ng, 2010], and the right one
shows hourly spectra of 2012 May 17 event after onset, from 0100 to 0700 UTC (denoted by
numbers), approximated by a segmental power law fitting algorithm [Hu et al., 2016].

5. Radiation Exposure Modeling

While particles of low energies are usually blocked off by minimal shielding, those with energy
>50 MeV can penetrate spacesuits and the skin of spacecraft. The physical description of the
transmission of high-energy particles through matter is complicate, but the dominate processes
include energy loss through atomic and molecular collision and the absorption and particle
production from nuclear interaction with spacecraft material and tissue, which can be modeled
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using transport equations [NCRP, 2006]. Alternatively, Monte-Carlo codes such as GEANT,
HETC, and FLUKA can be used which sample from interaction processes for individual primaries
or their secondaries to develop histories of charged particle passage and energy deposition in
materials [NCRP, 2006]. Given an event spectrum or temporal profile of spectra of an event, either
way can provide physical quantities of radiation exposure to astronauts and instruments in space.
These quantities can be used in biological or physical response models to assess the impacts of
SPEs to space missions.

To assess acute radiation risks due to SPE exposures, NASA has developed an Acute Radiation
Risk and BRYNTRN Organ Dose (ARRBOD) projection code [Kim et al., 2010]. In this software
package some historical intense SPEs are analyzed with the transport code BRYNTRN [Cucinotta
et al., 1995; Wilson et al., 1989] and ray tracing techniques with human phantom models, so that
dosimetric quantities for various organs can be obtained for astronauts during transition and on
planetary surfaces for lunar or Mars missions. If the astronauts encountered an SPE event, the
resultant organ doses are then used to estimate the severity of possible effects of acute radiation
sickness (ARS), such as prodromal effects including nausea, vomiting, fatigue, and weakness
[Anno et al., 1989; Hu et al., 2009], and various hematopoietic responses [Hu and Cucinotta, 2011,
Hu et al., 2012]. NASA mission planners, radiation shield designers, operational supporters, and
space biophysics researchers can use this tool to appreciate the clinically significant deterministic
health effects, as well as the degradation of in-flight performance of astronauts, from exposure to
large SPEs [Kim et al., 2010].
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Figure 10. Comparison of total exposure calculated from hourly fluences and recorded with in situ
measurements. The three events are 2012-Jan-23 (a), 2012-Mar-7 (b), and 2012-May-17 (c) [Hu
et al., 2016].

This idea has recently extended by using the segmental fitting algorithm and HZETRN modeling
[Hu et al., 2016]. In this work dosimetric quantities of three SPEs in 2012 are calculated and
compared with in situ measurement by two detectors specifically designed for radiation exposure
measurement in space. The three SPEs 2012-Jan-23, 2012-Mar-7, and 2012-May-17 happened to
be recorded by the Radiation Assessment Detector (RAD) inside the Mars Science Laboratory
(MSL) spacecraft during its cruise to Mars [Zeitlin et al., 2013]. They were also recorded by the
Cosmic Ray Telescope for the Effects of Radiation (CRaTER), an instrument on the Lunar
Reconnaissance Orbiter (LRO) spacecraft designed to characterize the lunar radiation
environment. Figure 10 shows the total doses of the three events in a silicon detector behind
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aluminum shielding of different thicknesses, compared with published results of in situ
measurement during these events [Joyce et al., 2013; Zeitlin et al., 2013]. The doses recorded by
CRaTER detectors D1/D2 consistently fall between the modeled doses for 0.2 and 0.3 g/cm?
shielding (Figure 5), which is in accordance with the 0.22 g/cm? thickness of the telescope cap
[Mazur et al., 2011]. The CRaTER microdosimeter (MicroD) doses are a bit more scattered, falling
between the modeled doses for 1 and 3 g/cm? thicknesses of shielding (Figure 10). Though the
recorded dose for the May SPE is a bit less than the modeled dose for 2 g/cm? shielding (Figure
10c), overall the results for these events are reasonably compatible with the 2.28 g/cm? thickness
of the shielding for this detector [Mazur et al., 2011]. This consistency also holds for the RAD
doses, which fall between the modeled doses for 5 and 6 g/cm? (Figure 10). This agreement
between modeling and in situ measurement is remarkable, as the shielding configuration of each
detector is complex, the orientation and position of the spacecraft in space are always changing,
and the radiation environment of the different events is not exactly the same [Joyce et al., 2013].
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Figure 11. Dose rates of the January SPE determined by in situ measurement and model
calculation. (a) Comparison of in situ measurement and modeled dose rates from segmental hourly
fluences. (b) Comparison of in situ measurement and modeled dose rates plus galactic cosmic ray
background (0.022 cGy/day) [Hu et al., 2016].

Figure 11a shows the dose rates measured by CRaTER and RAD during the 2012 January SPE, as
well as modeling simulations from the hourly spectra behind aluminum shielding of different
thicknesses. The modeled dose rates with 0.3 g/cm? shielding are in good agreement with CRaTER
D1/D2 measurement, except in the periods before the onset and near the end of each of the two
subevents. The modeled 3 g/cm? dose rates are in excellent agreement with those from the
CRaTER microdosimeter at the first peak and at certain times after the second, but have large
discrepancies whenever the measured dose rates fall below 0.1 cGy/day (Figure 11a). This trend
is also observed for the modeled 6 g/cm? dose rates and the RAD measurements (Figure 11a).
After simply adding the background GCR dose rates during the course of this event, almost all the
discrepancies are removed as demonstrated in Figure 11b. Adding the background dose rates did
not modify the comparison during the peak periods when the measured and modeled dose rates
were high, but it significantly elevated the modeled dose rates when proton fluxes were low, either
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before the onset or near the end of each of the two subevents (Figure 11b). As the background
proton fluxes are removed from GOES data in this algorithm, however they are ubiquitously
recorded along with other species of GCR by in situ instruments, the achieved agreement is indeed
not a surprise.

This work demonstrates that omnipresent GCRs are an important component in modeling the
temporal profile of radiation exposure during an SPE, as simply adding the GCR effects also
significantly corrected the discrepancies between modeled dose rates and in situ measurements for
the 2012 March and May SPEs [Hu et al., 2016]. Because during a severe SPE not only protons
but also high energetic electrons, alpha particles, and heavier particles contribute to the exposure
of certain critical tissues and have important implications for the models of risk assessment [Kim
et al., 1999], a full comparison with in situ measurements is more rational if all the sources
(including SPE and GCR) are considered in the input spectra for transport calculation. A necessary
next step for further development of SPE modeling will be adding a module for fitting the intensity
of incident alpha particles, which may contribute 10%-40% of the total dose during a severe SPE
[Kim et al., 1999]. Additionally, the background GCR dose rates can be replaced with transport
calculations behind realistic shielding structures with validated GCR models [Badhwar and
O’Neill, 1992; O Neill, 2010], so that the health effects of the breakup of the heavy ions into lighter
components, including neutrons, can be fully investigated.

6. Summary

This article summarizes recent observations and theoretical frameworks concerning on the origin,
acceleration, and transport of energetic particles in SPEs, and reviews knowledge of the size,
frequency, energy spectrum of SPE, as well as techniques of radiation exposure modeling relevant
to interplanetary space exploration.
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